ABSTRACT In this paper, we have designed, simulated, fabricated, and characterized a clamped-clamped micro mechanical structure-based shunt capacitive RF MEMS switch. The clamped-clamped micromechanical structure is micromachined using a gold metal thickness of 500 nm. AlN is used as a dielectric material, and it is deposited using the dc sputtering PVD process. In the MEMS technology, particularly in devices fabrication, releasing the membrane is a difficult task, and here, we have presented a novel wet process to release the membrane. Primarily, the S1813 sacrificial layer is etched by using the piranha solution and cleaned with the IPA solution. Critical point drying is done after fabrication to reduce the stiction effect on the switch. Overall, the switch requires the pull-in voltage of 5.5 V for 1.8-µm displacement. In the process of optimization, primarily, the switch is designed and simulated using finite-element method tools. The reliability of the capacitive RF MEMS switches depends on the stiction problem caused by dielectric charging, and the proposed capacitive switch dielectric charging behavior is characterized using the CV curve method.
I. INTRODUCTION
Last few decades, MEMS technology based communication devices like filters, switches, phase shifters and antennas are showing significant domination when compared with traditional Solid State Technology (CMOS and FET) devices. The present and future communication applications like cognitive radios and ad hoc networks require low loss reconfigurable antennas with enhanced features in terms of frequency and polarization. RF MEMS switches are showing great potential in terms of low loss and high isolation to design reconfigurable antennas at microwave range [1] - [4] .
Prior to fabrication, design and simulation are the basic concerns in the process of RF MEMS switch optimization in terms of dimensions and materials. At design and simulation level of RF MEMS switches, reducing the pull-in voltage, increasing the isolation, analysis of stiffness of the membrane to avoid buckling and to improve the reliability, easing the actuation process, selection of thin films are the major research issues. Low pull-in voltage and low power consumption of RF MEMS switches improves the battery backup of the communication devices. The low pull-in voltage enables the interface of MEMS devices with integrated circuits. If the switch is offering high isolation we can avoid the RF leakages in reconfigurable devices [5] - [15] .
Buckling and stiction are the two major challenging issues in fabrication process which are influencing the reliability factor of RF MEMS switch [16] - [26] . Since the RF performance of the switch depends on the bridge height, the buckling or stiction is an undesired effect. Critical point drying (CPD) helps to avoid the stiction failures caused by dielectric charging [27] - [29] . Few methods like pull-in voltage finding and CV curve shifting are popular to characterize the dielectric charging behavior of the capacitive RF MEMS switches [30] - [35] . The main objective of this paper is fabrication low pull-in voltage and high isolation offering minimum stiction shunt capacitive RF MEMS switch.
In this study, one of the research challenges like reducing actuation voltage, increasing the isolation and fabrication issues like buckling and stiction problems are reported and analyzed. The paper is organized as follows: in Section II, we holistically investigate the mechanical and microwave parameters like pull-in voltage, resonant frequency, spring constant, insertion and isolation losses. Section III describes the design considerations for low pull-in voltage, high isolation buckling free RF MEMS switch. Lastly, the measurement results for the fabricated stiction free switch is presented and discussed in Section IV and followed by Conclusions in Section V.
II. SWITCH PARAMETRIC MODELLING
In this paper, we have designed and fabricated an electrostatically actuated, vertical deflective clamped-clamped membrane based shunt capacitive RF MEMS switch. The micro mechanical RF switches modeling involves the mechanical and radio frequency analysis parameters.
A. PULL-IN VOLTAGE
In the investigation, we noticed that the electrostatically actuated switch pull-in voltage depends on spring constant of the micro mechanical structure. In capacitive RF MEMS switch, one plate is fixed one and the other plate is movable as shown in Figure 1 . The electrostatic actuation in the RF MEMS switches is because of the electrostatic force created by voltage applied between the electrodes i.e., top membrane and bottom electrode. In electrostatic actuation, two forces are influence the movable plate, one is electrostatic force (F e ) and other one is mechanical restoration force (F m ). The mechanical restoration force is equal to the rate of change of potential energy w.r.t. displacement ((g 0 -g)=δ) i.e., [36] 
where, Elastic potential energy
When we apply a voltage 'V' between the two parallel plates, then an electrostatic energy generates between parallel plates. The generated electrostatic energy can be written as
In the RF MEMS switch capacitor plates, one plate is movable and other one is fixed then the electrostatic force in the variable capacitor is
Under equilibrium condition; electrostatic force (F e ) and the mechanical restoration force (F m ) are equal i.e.,
When the supply voltage is equal or greater than the pullin voltage, the electrostatic force dominates the mechanical force associated with the membrane, and then the membrane will collapse. Apply the derivative to supply voltage w.r.t height of the movable plate (g), and equate to zero i.e.,
The above relation states that, at 2/3 of gap the structure loose its stability and it will collapse, i.e., if the structure reaches to 2/3 gap for applied supply voltage then the electrostatic force will dominate the mechanical force. Therefore, by substitute the ''g'' value in supply voltage (eq. 4), we will get the expression for pill-in voltage i.e.
The potential energy of a mechanical structure is often stored in springs and the kinetic energy is due to the motion of the mass. Both the energies in the electrostatic actuation can be written as,
Kinetic energy (mass) = At two different time t 1 and t 2 , the increase in potential energy must be equal to a decrease in kinetic energy (or visa versa) (Potential energy) max = (Kinetic energy) max (9) Let us apply the signal δ(t)=A Sin(ω 0 t+φ) to the membrane, and equate the maximum potential and kinetic energies. This will help us to give the expression for resonant frequency of the membrane i.e.
From the simple bernoulli-euler and timoshenko beam bending theory, we can write the relation between bending stress (σ ), bending momentum (M), moment of inertia (I), young's modules (E), radius of curvature (R), distance of fiber from natural axis (δ) i.e., [37] - [45] 
Therefore, the above expression represents the shear force, whereas the rate of intensity of loading can also be found out by differentiating the expression for shear force.
The expression for deflection (δ) using differential equation is defined as
Two times apply Integration on both sides i.e.
where A & B are constants of integration to be evaluated from the known conditions of slope and deflections for the particular value of x. A cantilever beam is subjected to a concentrated load (ξ ) at the free end, it is required to determine the deflection of the beam. In order to solve this problem, consider any x-section, x-x located at a distance x from the left end or the reference, and write down the expressions for the shear force and the bending moment,
Substituting the value of M in terms of x then integrating the equation (13) then we will get i.e.
The constants A and B are required to be found out by utilizing the boundary condition, i.e. at x = l; dδ/dx = 0,
At x= L; δ= 0,
Substituting the values of A and B in equation 18, we will get
The slope as well as the deflection would be maximum at the free end hence putting x =0, then we can write,
We know the relation between the spring constant and the displacement i.e.
The above equation is the spring constant of a cantilever structure and the load is applied at the end. But in this paper we designed RF MEMS switch with clamped-clamped structure shown in Figure 4 . For that the spring are in parallel, so the equivalent spring constant is
where,
D. SIZE DEPENDENCY AND CRITICAL STRESS
According to the bernoulli-euler beam bending theory, the size of the membrane is also a key factor to decide the gradient elasticity (or) young's modulus and it can be expressed as [46] -
Where, F force exerted on the membrane, L is the initial length, A is the area of cross section, and L is the length of the amount by which the length of the object will change. From the equation 26, the elastic modulus of the membrane increases with increase in length and thereby decreases the pull in voltage and it is proven that the weight loss by the membrane with perforation is not more than 60% of the overall massThe perforated membrane will help to improve the performance of the RF MEMS switch.. To avoid the buckling effect in the fabrication of micro mechanical structures, better to do the stress analysis. The amount of compressive stress the membrane can withhold before buckling is which is a critical stress (σ c ), for fixed-fixed beam it can be expresses as, [38] , [39] 
E. RADIO FREQUENCY PARAMETERS
The perforated membrane eases the releasing process, and the perforated holes dimension is below 10 µm × 10µm then it won't be impact on the capacitance of the switch. The perforated area won't be more than 60% of overall area [51] , [52] . The switch designed in this paper is a capacitive based, so the switching depend on the capacitance when the membrane is in up state and down state,i.e.,
where, 'A c ' is the area between the membrane the CPW line, 't d ' is the dielectric thickness. The fringing field capacitance (C ff ) of the switch is 0.5 to 1.5 percentage of parallel plate capacitance. The characteristic impedance (Z 0 ) of the CPW transmission line can be defined as the circular integration of electric field over the length to the circular integration of magnetic field over the same length i.e.
The operation frequency and the characteristic impedance of the CPW transmission line is mainly depend on the width of center conductor (S) and the gap between the ground plane and the center conductor (G). In terms of S-parameters also we can find the characteristic impedance as
The RF MEMS switch is designed using CPW transmission line. When the structure or membrane is in up state the input RF signal is allowed to the output port. The return losses (S 11 ) is used to measure how much input RF signal is reflected back, it can be written as
where, 'ω' is the radio frequency, 'Z 0 ' characteristic impidance, 'Z I ' is the input impidance. The insertion losses (S 21 ) is used to measure how much input RF signal is reached to output port.
When we apply electrostatic actuation voltage, the membrane get deforms and the switch won't allow the input RF signal to output port. The amount of isolation with respect to the radio frequency can be measured using isolation losses(S 21 ) i.e.
III. DESIGN AND SIMULATION
The clampe-clamped micro mechanical membrane based RF MEMS switch is initially designed and simulated using finite element mehod tools like COMSOL and ANSYS HFSS. The mechanical behavior of the switch is analyzed using COMSOL tool and the microwave properties are analyzed using ANSYS HFSS tool. The switch membrane is actuated using two boottom electrodes by incorporating electrostatic actuation. The model RF MEMS switch structure is shown in the Figure 5 , and switch dementions are listed in Table 1 . Prior to fabrication we have analyzed the aspect ratio of the perforated membrane, i.e., the perforated area is not more than 60% overall area. The membrane perforation holes dimension is 5 µm × 5 µm. The critical stress of the membrane is 40 MPa. The perforation to the membrane impact on the quality factor of the switch. Low quality factor results low settling time. The switch designed in this paper offering a low quality factor of 0.68. The characteristic impedance of the switch is 54 , very close to source impedance. It is indicating that, this switch we can interface with an antenna with same input impedance.
The switch designed in this paper is a electrostatically actuated vertically deflective shunt capacitive RF MEMS switch. Therefore, the switch requiring an actuation voltage of 5.5V to get 1.8 µm displacement. The spring constant of the membrane is 4.585 N/m, resonant frequency is 8.91 KHz. The switch upstate capacitance is C up = 2.4 fF, and the down state capacitance is 72.4 pF. The switch is offering and isolation of −72 dB at 21 GHz, and the overall in the frequency range 10 MHz to 40 GHz, the switch is offering −0.1 dB to −0.5 dB insertion losses.
IV. FABRICATION AND CHARACTERIZATION
The shunt capacitive RF MEMS switch is fabricated using surface micromachining, and the fabrication flow is shown in Figure 7 . The switch is fabricated on 1145 µm × 540 µm size P-type Si <100> single side polished (SSP) substrate. A 1µm thickness, SiO 2 insulating layer is deposited using thermal oxidation at 1150 • C. By using LOR and S1813 positive photoresist materials, CPW and actuation lines are patterned using liftoff process. Au is used for CPW and actuation lines. Cr Here, Cr is used for better adhesion and to protect CPW and actuation lines. The switch fabricated in this paper, is a capacitive based switch. The dielectric material decides the insertion and isolation properties of the switch. Here, we have taken AlN as the dielectric material, and the 50 nm thickness VOLUME 6, 2018 of AlN material is deposited using DC sputtering. The AlN is patterned using reactive ion etching (RIE). In MEMS devices design, membrane releasing is difficult process. For this switch the membrane is released using wet process. S1813 positive photo resist material is used as sacrificial layer. We coated a sacrificial layer of 1.8 µm using spin coater for 40 seconds with 2000 RPM. The membrane is Au material deposited using DC sputtering at 90 • C which helps the membrane to develop the strain. The membrane is patterned using wet etching with developer KI:I 2 :H 2 O in 4:01:40 ratio, after patterning of the membrane the switch is as shown in Figure 8 . However, the membrane is released using piranha cleaning for 5 minutes, and IPA for 5 minutes. To avoid the stiction problem in the switch we have done the critical point drying (CPD). We observed, the critical point values for the structure drying is pressure:1260 Psi, temperature:31 • C at this point liquid CO 2 convert into gaseous state. The final fabricated device is inspected with scanning electron microscope (SEM) results are shown in Figure 11 & 12. Mechanical characterization of the switch done by using micro system analyzer 500 (MSA 500). The electrical CV characteristics are measured using Agilent device analyzer B1500A with 5 MHz pulsed source. With this we have measured the upstate capacitance (C up ) and downstate capacitance(C down ) of the RF MEMS switch, the values are listed in the TABLE 2.
The designed and fabricated results like resonant frequency and the relation between supply voltage versus displacement as shown in Figure 14 & 15. Because of perfect execution of the fabrication steps like etching of membrane and the releasing of the membrane we are able to approximate the designed and fabricated results. The switch radio frequency (RF) properties are analyzed using Agilent technologies E8361A RF probe station (or) vector network analyzer (VNA). The probe station is on wafer probing for the RF MEMS switches. ACP65-A-GSG-200 probe is used for RF probing. Probe alignment is done using contact substrate and impedance standard substrate (ISS) is used for probe calibration. VOLUME 6, 2018 In figure 15 , we have related the applied supply voltage with membrane displacement of simulation using COMSOL FEM tool as well as measured after fabrication using micro system analyzer 500. The gap between the membrane and the bottom electrodes is 2 m. In both the cases, mean after design and fabrication results are very close with nominal difference. The microwave wave analysis is done over the frequency range 10 MHz to 40 GHz. The fabricated switch is offering −65 dB isolation at 27 GHz and the insertion losses are in the range −0.01 to −1.2 dB. 
A. DIELECTRIC CHARGING CHARACTERIZATION
Dielectric charging behavior leads to the stiction problems in the MEMS switches. Dielectric charging is nothing but storage of unnecessary charge in the bottom dielectric thin film in the process of switch operation. If the charge deposited in the dielectric material is low, minimum pull in and pull up voltages are sufficient to deform and undeform the membrane. If the charge unnecessarily deposited in the dielectric material and in that, if the polarity of charge stored in the dielectric and opposite electrode is same then more pull in voltage require to deform the membrane, and if the polarity of charge stored in the dielectric is different to the opposite electrode charge then low pull in voltage required to deform the membrane but it require more pull up voltage to bring the membrane to the upstate position, sometime it may leads to permanent deformation of the membrane.
The dielectric charging behavior of the thin film may be characterized with CV curve pull-in voltage shift method. In this method manually the dielectric thin film is charged with other polarity charge when compared with opposite electrode charge polarity. That's why more pull in voltage means more charge is deposited in the dielectric thin film. With this we can relate pull in voltage with charge deposited in the dielectric material. Change in capacitance is measured using LCR meter. We have plotted the C-V graph before and after applying a stress at 65 V for 727 seconds. The schematic of dielectric charging characterization setup is shown in Figure 17 . The charge is injected in to the dielectric thin film, by stressing it with the electric field on the order of 1 MV/cm. Because of this injected charge in the dielectric, which will impact the electric field present between the two electrodes in the process of electrostatic actuation. Because of this the amount of charge in the bottom and top electrode also changes, thereby influencing the electrostatic force. The net effect of the superimposed E-field is a shift of the C-V curve, which in turn affects the pull-in and pull-out voltages: V pi => V pi + V shift and V po => V po + V shift . V shift is proportional to the injected charge. 
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A large amount of injected charge can even lead to failure of the switch due to stiction of the top electrode to the dielectric. This happens when V − po becomes positive or when V + po become negative. The 50nm AlN dielectric material is offering a shift voltage of 1V, which is indicating that the dielectric charging effect is minimized.
V. CONCLUSIONS
In this paper, Clamped-Clamped micro mechanical structure based shunt capacitive switch is designed using FEM tools and fabricated using surface micro machining. The entire switch is fabricated on 1045 µm × 540 µm size Si wafer. Cr [20 nm ]/Au[200 nm]/Cr[20 nm] metal layers are patterned for CPW and actuation lines. Here we are used Cr metal layer for better adhesion. A 50 nm thickness AlN is used as dielectric material with ε r = 9.8. Au of 500 nm thickness is used as membrane material. S1813 is used as sacrificial layer and the membrane is released using wet process. We have also done the critical point drying (CPD) to avoid the dielectric charging based stiction problems. C-V curve of the dielectric material is drawn using HP 4275 LCR meter. By using C-V curve shifting method we characterized the dielectric charging behavior and we noticed that voltage shifting is low, and it is indicating that the dielectric charging effect is reduced. The fabricated of the perforated membrane reduces the pull in voltage i.e., 5.5V and eases the electrostatic actuation. We have used AlN as dielectric layer, therefore, it increases the isolation of the RF MEMS Switch. Finally, the overall switch is offering high isolation at 27 GHz frequency, hence, the Switch can use in K-band applications.
